Developmental exposure to lead (Pb) and prenatal stress (PS) both impair cognition, which could derive from their joint targeting of the hypothalamic-pituitary-adrenal axis and the brain mesocorticolimbic (MESO) system, including frontal cortex (FC) and hippocampus (HIPP). Glucocorticoids modulate both FC and HIPP function and associated mediation of cognitive and other behavioral functions. This study sought to determine whether developmental Pb 6 PS exposures altered glucocorticoid-related epigenetic profiles in brain MESO regions in offspring of female mice exposed to 0 or 100 ppm Pb acetate drinking water from 2 mos prior to breeding until weaning, with half further exposed to prenatal restraint stress from gestational day 11-18. Overall, changes in females occured in response to Pb exposure. In males, however, Pb-induced neurotoxicity was modulated by PS. Changes in serum corticosterone levels were seen in males, while glucocorticoid receptor changes were seen in both sexes. In contrast, both Pb and PS broadly impacted brain DNA methyltransferases and binding proteins, particularly DNMT1, DNMT3a and methyl-CpG-binding protein 2, with patterns that differed by sex and brain regions. Specifically, in males, effects on FC epigenetic modifiers were primarily influenced by Pb, whereas extensive changes in HIPP were produced by PS. In females, Pb exposure and not PS primarily altered epigenetic modifiers in both FC and HIPP. Collectively, these findings indicate that epigenetic mechanisms may underlie associated neurotoxicity of Pb and of PS, particularly associated cognitive deficits. However, mechanisms by which this may occur will be different in males versus females.
Both Pb exposure and PS influence both the hypothalamicpituitary-adrenal (HPA) axis Rossi-George et al., 2009; Virgolini et al., 2008; Vyskocil et al., 1990 Vyskocil et al., , 1991a as well as the brain mesocorticolimbic (MESO) system (ie, frontal cortex (FC), nucleus accumbens, hippocampus [HIPP] ), which is critical to mediating executive function (Collette et al., 2006; Heyder et al., 2004; Morgane et al., 2005; Phillips et al., 2008) . Additionally, Pb and PS produce epigenetic changes in brain; epigenetic changes have been increasingly associated with an influence on cognition, and could provide a physiological mechanism for the fetal origins of noted cognitive and behavioral disorders (Day and Sweatt, 2011; Lester et al., 2011; Sullivan et al., 2008) . Pb has been shown to alter DNA methyltransferase expression in HIPP, altering expression of the maintenance enzyme DNMT1, the de novo methyltransferase DNMT3a, and the DNA-binding protein methyl-CpG-binding protein 2 (MECP2) (Schneider et al., 2013) . Recent studies have identified a critical role of DNMT3a expression in the nucleus accumbens regulating behavioral plasticity (LaPlant et al., 2010) . Our previous studies have repeatedly identified effects of Pb þ PS on overall response rates on a fixed-interval (FI) schedule of reinforcement , a behavioral baseline mediated by the nucleus accumbens (Cory-Slechta et al., 1998) . PS also has been shown to alter expression levels of DNA methyltransferases (DNMT1, DNMT3a) in FC and HIPP (Matrisciano et al., 2013a) and DNA methylation and histone modifications in HIPP (Zheng et al., 2016) . Beyond DNA methyltransferases and binding proteins, multiple reports have focused on the reprogramming of glucocorticoid receptor (GR) gene (Nr3c1) methylation profiles following early stress associated with maternal care (Babenko et al., 2015; Henningsen et al., 2012; Palma-Gudiel et al., 2015; Weaver et al., 2004) . In humans, early adversity, impoverished social environments and stress with changes in GR receptor methylation increase risk for psychiatric illness in adulthood (Mulligan et al., 2012; Oberlander et al., 2008; Palma-Gudiel et al., 2015; Turecki and Meaney, 2016) .
Collectively, such observations suggest that Pb and PS could jointly target DNA methyltransferases, DNA-binding proteins and Nr3c1 methylation profiles in brain MESO regions, a hypothesis examined in this study as glucorticoids have been shown to activate genes that regulate neuronal cognitive processes (Barik et al., 2013; Lee and Sawa, 2014; Niwa et al., 2013) . The fact that behavioral and biochemical effects of both Pb and PS exhibit marked sex-and brain-region dependence (Weinstock, 2011; Weston et al., 2014) , as do epigenetic changes (Faulk et al., 2013; McCarthy et al., 2009; Mychasiuk et al., 2011; Sanchez-Martin et al., 2015; Schneider et al., 2016) , suggests that such effects would differ by sex. Indeed, sex differences have been noted in DNA methylation patterns of promotor regions of steroid hormone receptor genes and in the expression of methyl-binding proteins and co-repressor proteins likely to be critical to sex-specific brain differentiation and provide a substrate for sex-specific Pb 6 PS toxicity (Auger and Auger, 2011) .
To test this hypothesis, this study assessed changes in FC and HIPP of male and female mice following developmental exposure to Pb, PS, or Pb 6 PS in GR function, including levels of receptor expression and basal, as well as, stress-activated corticosterone levels in serum. In addition, given that glucocorticoids have been shown to modulate DNA methyltransferases (DNMT1, DNMT3a, and DNMT3b) and methylated DNA-binding proteins (MECP2 and MBD1), each were measured in the FC and HIPP, regions within the MESO circuitry. To assess gene-specific changes, the study included examination of methylation changes at 10 CpG sites within the proximal promoter of the GR gene Nr3c1, the exon 1 7 promoter, located at an NGFI-A-binding site that regulates gene transcription, followed by mRNA expression. Changes were measured in adulthood, at 60 days of age, well past the period of exposure to Pb and PS, consistent with long-term effects of these insults.
MATERIALS AND METHODS
Animals and Pb exposure. Four-week-old female C57/Bl6 mice from Jackson Laboratories (Bar Harbor, Maine) were randomly assigned to receive distilled deionized water drinking solutions containing 0 or 100 ppm Pb acetate initiated 2 months prior to breeding to ensure elevated bone Pb and Pb body burden levels at the time of conception, consistent with human exposures; Pb exposure continued through lactation. Mice were housed in a vivarium room maintained at 22 6 2 C with a 12-h light-dark cycle (lights on at 07:00 h). Standard rat chow diet was provided ad libitum. All experiments were carried out according to NIH Guidelines and were approved by the University of Rochester Medical School University Committee on Animal Resources.
Breeding and PS. Female mice were mated with males (1:1) for 4-5 days to cover the duration of an estrous cycle. Half of the females in each of the 2 Pb groups were randomly selected to be subjected to PS which took place 3Â/day for 30 min at each occurrence from gestational days 11-18. Restraint stress was implemented using modified conical plastic tubes. This yielded 4 groups of offspring per sex in the following treatment groups: 0-NS (no Pb, no stress), 0-PS (no Pb, PS), Pb-NS (Pb, no PS), and Pb-PS (Pb and PS), with no more than 1 pup/sex/dam to preclude litter specific effects.
Offspring procedures. At delivery, designated as postnatal day 0 (PND0), litter size, sex ratios and body weight of the whole litter, were recorded. Pups were weighed and weaned at PND25, separated by sex and socially housed. From weaning, pups were provided with unrestricted access to the same standard mouse chow and to water (0 ppm Pb) regardless of the prenatal Pb treatment and pair housed by sex and treatment conditions. For all epigenetic, PCR, and western blot analyses, animals were sacrificed at PND 60. Animals were sacrificed with brains immediately dissected with regions frozen on dry ice.
Blood collection for Pb determinations. Blood Pb levels were measured from trunk blood collected from pups at PNDs6-7 (n ¼ 5 pups/group) by anodic stripping voltammetry using the Lead Care II system with a detection limit of 3.3 lg/dl (Rossi-George et al., 2011; Weston et al., 2014) .
Serum corticosterone determinations. As developmental Pb and PS exposures potentially disrupt the HPA axis, serum corticosterone levels were measured at PND0, PND6, and PND60. In addition to mice immediately sacrificed, a separate set of mice were separated from their cage mate for >10 min, and following that separation stress challenge, animals were sacrificed and serum corticosterone measured to identify alterations in corticosterone levels following isolation stress experience. For these determinations, approximately 200 ll of blood was collected from PND60 mice into prechilled tubes that were spun at 3500 rpm for 20 min. Serum corticosterone was measured in duplicate using the commercially available enzyme immunoassay kit (Arbor Assays, Ann Arbor, Michigan).
Pyrosequencing and qPCR. gDNA and mRNA was extracted from all samples using Qiagen DNeasy and RNeasy kits (Germantown, MD) respectively, on an automated QiaCube System, followed by QA/QC using an Agilent BioAnalyzer (Santa Clara, CA Western blot analyses. Western blot assays were used to assess GR and DNMT1, DNMT3a, DNMT3b, MBD1, and MECP2, protein expression. Nuclear and cytoplasmic fractions were extracted from HIPP and FC samples from each animal using NE-Per Extraction Kits (Thermo-Scientific; Rochester, NY) as per manufacturer's instructions. Expression analysis of DNA methyltransferases and methylated DNA-binding proteins was restricted to the nuclear component, while for GR, both nuclear and cytoplasmic proteins were examined. Western blotting was performed as described in our previous work (Schneider et al., 2013) . Briefly, total protein concentration was quantified by standard BCA assay (Pierce). Samples (10 mg total protein each) were mixed with loading buffer and loaded onto 4%-12% Bis-tris gels (Invitrogen, Inc.). Gels were run using MOPS SDS running buffer (Invitrogen, Inc.). Proteins were then transferred to a 0.2 mm nitrocellulose membrane using a semi-dry transfer apparatus at 15 V for 15 min per membrane. Membranes were then washed in TBS containing 1% Tween-20 (TBS-T), blocked in 5% milk with Tween-20 (5%NFM-T) and then incubated in primary antibody as follows: chicken antiMECP2 ( Blots were visualized using a Protein Simple Alpha Imager, raw pixel counts were transferred to ImageJ software and bands for each sample were normalized to b-actin loading controls. Data were then expressed as normalized relative optical density. The proteins were detected at the following molecular weights: MECP2 (75 kDa), MBD1 (70 kDa), DNMT1 (160 kDa), DNMT3a (120 kDa), DNMT3b (100 kDa), GR (97 kDa), and b-actin (42 kDa).
Statistical analyses. Our prior studies show robust sex and brain region-specific epigenetic modifications. Consequently, statistical analyses were conducted separately by sex and brain region. Two-factor ANOVAs were used to analyze methylation, corticosterone and protein concentration outcomes, using Pb and PS as between group factors, with subsequent post hoc tests as appropriate dependent upon main effect or interaction outcomes. GR mRNA expression data were transformed as described above. Following this normalization, mRNA data were analyzed using a 2-factor ANOVA with Pb and PS as between group factors. For serum corticosterone concentrations, unstressed and stressed conditions were analyzed separately. Additionally, given the novelty of the analyses as well as statistical indications that CpG sites displayed independent effects, analyses were conducted separately by CpG sites. Outliers were removed following a statistically significant Grubb's test (Graphpad Software Inc., La Jolla, CA). For DNA methylation analyses, 1 animal was excluded from the 163 animals studied based on Grubb's test outcome. Statistical analyses were conducted using JMP Pro 12.0 (SAS Institute Inc., Cary, North Carolina). p values < .05 were considered statistically significant, while near significant values (p values < .10) are also indicated.
RESULTS

Blood Pb Concentrations
Blood Pb levels obtained at PND6-7 measured below the limit of detection (averaged 0.37 mg/dl [60.3 SE; n ¼ 7]) for controls compared with a significantly higher mean level of 10.2 mg/dl (61.3 SE; n ¼ 9) in pups exposed to 100 ppm Pb water (F ¼ 488.4, p < .0001), but did not differ in response to PS in either dams or offspring.
Serum Corticosterone Concentrations
Alterations in serum corticosterone concentrations in offspring were sex-specific, with males showing alterations both in nonstressed and stressed (a 10-min separation stress) conditions (Figure 1) 
GR Protein Expression
For all GR western analyses, the nuclear and cytosolic components were separated, allowing individual assessment and the calculation of activation ratios between nuclear (activated) and cytosolic (inactive) fractions (Figure 2 In FC of males, a significant interaction between Pb and PS was confirmed for DNMT1 (F ¼ 23.9, p < .0001), which derived from Pb-induced increases compared with control (t ¼ 3.2, p ¼ .001), no change in response to PS alone (t ¼ 0.4, p ¼ .68), and decreased DNMT1 concentrations with combined Pb þ PS (t ¼ À3.5, p ¼ .001). Pb exposure significantly increased DNMT3a levels (F ¼ 7.1, p ¼ .01). In the case of MECP2 levels, both Pb and PS exposures increased levels, with a further increase in the combined Pb þ PS group (Pb: F ¼ 31.5, p < .001, PS: F ¼ 6.0, p ¼ .02). There were no significant alterations in DNMT3b or MBD1 in the FC for males. In male HIPP, the pattern of changes in DNMT1 was similar to that observed in FC, with a significant Pb and PS interaction (F ¼ 24.2, p < .0001), and both Pb and PS alone increasing DNMT1 (Pb: t ¼ 4.3, p < .0001; PS: t ¼ 3.6, p < .001) while combined Pb þ PS groups did not alter DNMT1 (t ¼ 1.0, p ¼ .3). A significant interaction was also seen for DNMT3a (Pb*PS: F ¼ 14.3, p < .001), again with trends towards significant increases in response to both Pb and PS alone, but a trending significant decrease in response to combined Pb þ PS (Pb: t ¼ 1.8, p ¼ .08, PS: t ¼ 1.9, p ¼ .06, Pb-PS: t ¼ À1.7, p ¼ .09). DNMT3b, MECP2, and MBD1 each showed a significant main effect of PS, with increases in DNMT3b and MECP2, but decreases for MBD1 concentrations (DNMT3b:
Methylation Status at Nr3c1 Exon 1 7 Promoter
The region of the Nr3c1 gene examined by pyrosequencing is shown in Figure 4A . Considering the total methylation for all 10 CpG sites, developmental Pb exposure significantly decreased the percent methylation of Nr3c1 in female HIPP and in male FC ( Figure 4B ; female HIPP: F ¼ 6.6, p ¼ .01; male FC: F ¼ 6.5, p < .01). In female HIPP, total methylation percentage averaged 24.1 (6 1.5 SE) and 22.9 (6 1.4 SE) in the 0-NS and 0-PS groups, respectively, while the Pb-NS and Pb-PS groups averaged 19.7 (6 1.3 SE) and 20.5 (6 1.1 SE), respectively. In male FC, total methylation percentage averaged 22.0 (6 2.3 SE) in the 0-NS, 25.5 (6 2.5 SE) in the 0-PS groups and 18.9 (6 2.2 SE) with the Pb-NS and 17.9 (6 2.5 SE) in the Pb-PS group.
At individual CpG sites of Nr3c1, the effect of Pb, PS and the interactive effects of Pb þ PS on CpG methylation varied. In female FC ( Figure 5 , top left), methylation patterns showed significant alterations at CpG sites 3 and 5, with Pb and PS, respectively, increasing methylation (Pb: F ¼ 4.8, p ¼ .04; PS: F ¼ 7.3, p ¼ 0.01). In HIPP of females ( Figure 5 , top right), CpG sites 2 and 10 showed decreased methylation in response to Pb exposure (CpG2: F ¼ 4.8, p ¼ .03 and CpG10: F ¼ 5.0, p ¼ .03), while CpG 6 showed marginal increases in methylation following PS exposure (F ¼ 4.1, p ¼ .05). For CpG sites 7, 8, and 9, there was a significant or near significant interaction between Pb and PS (CpG7: F ¼ 3.6, p ¼ .07; CpG8: F ¼ 4.6, p ¼ .04; CpG9: F ¼ 6.7, p ¼ .01). Subsequent post hoc tests showed these interactions to be the result of developmental Pb decreasing methylation (CpG7: 0-NS to Pb-NS: p < .05; CpG8: NS; CpG9: 0NS to PbNS: p < .01).
In male FC ( Figure 5 , bottom right), CPG sites 5, 7, and 8 showed marginal decreases in methylation following Pb (CpG5: F ¼ 3.5, p ¼ .07; CpG7: F ¼ 3.5, p ¼ .07 and CpG8: F ¼ 3.4, p ¼ .07), and a significant decrease in methylation at CpG10 (Pb: F ¼ 7.9, p < .01). In male HIPP ( Figure 5 , bottom left), CpG sites 1 and 3 showed a marginally significant Pb-induced decrease in methylation (CpG1: F ¼ 3.1, p ¼ .08; CpG 3: F ¼ 3.9, p ¼ .055) and CpG1 also showed a marginal PS-induced increase in Figure 1 . Group mean 6 SE Serum Corticosterone Concentrations. A and B, Serum corticosterone concentrations, measured at PND0, PND6, and PND60 are shown across time for males and females, respectively (n range from 6 to 12). C, Corticosterone following separation stress (n ¼ 5-16). A main effect of day was seen in females, with a trend towards increased corticosterone levels in response to Pb at PND0. A significant Pb Â day effect was seen in males derived from the highly significant reduction in corticosterone at PND60 in response to Pb. With respect to separation stress, PS exposure increased corticosterone levels following separation in males (left), whereas females (right) showed no significant changes in serum corticosterone levels. Significant (p .05) main effects were stated on graphs and noted by asterisks and lines. Significant post hoc comparisons were noted by the interaction stated on graphs with an asterisk over the bar different from control. methylation (PS: F ¼ 3.9, p ¼ .05). CpG site 10 also showed a significant interaction between Pb and PS (F ¼ 4.8, p ¼ .03), with post hoc analysis indicating that PS alone decreased methylation (t ¼ À2.5, p ¼ .02) while Pb þ PS did not produce significant changes (t ¼ À0.7, p ¼ 0.5).
Nr3c1 GR mRNA Expression
Significant and marginally significant changes in Nr3c1 mRNA expression in both FC and HIPP were observed in both sexes following developmental exposure to Pb 6 PS ( Figure 6) . A significant interaction of Pb and PS was confirmed in FC in females, (F ¼ 4.5, p ¼ 0.04), with post hoc tests showing an increase in mRNA expression in the Pb-NS group, while the Pb þ PS group showed no significant change in mRNA expression (Pb: t ¼ 2.2, p ¼ 0.04; Pb þ PS: t ¼ 0.3, p ¼ 0.77). There were no significant changes in mRNA expression in female HIPP, despite the trend towards increases in the Pb þ PS group. In males, a marginally significant interaction between Pb and PS was found in FC (F ¼ 4.2, p ¼ .05); however, post hoc analyses did not reveal significant group differences from control, despite what appeared to be an increase in combined Pb þ PS males. Additionally, there was a significant interaction of Pb with PS in the HIPP (F ¼ 7.0, p ¼ .01), 
DISCUSSION
This study examined epigenetic mechanisms potentially contributing to CNS and cognitive deficits induced by developmental exposures to Pb 6 PS in mice. Outcomes are summarized in Table 1 showing Pb, PS and Pb þ PS effects relative to corresponding 0-NS controls. Several features highlight differences by sex in the responses to Pb6PS. Glucocorticoid outcomes in females appeared to be influenced primarily by developmental Pb exposure, whereas adverse impacts in males appeared in response to both Pb and PS. In males, for example, multiple changes in stress physiology were observed, including changes in both basal and stress-induced corticosterone levels and in nuclear GR concentrations in both FC and HIPP. Interestingly, reductions in basal corticosterone levels in response to combined Pb þ PS appeared to reflect effects of Pb, whereas increases in stress-induced corticosterone after Pb þ Figure 3 . Group mean 6 SE for DNA methyltransferases and methylated DNA-binding protein expression in Pb 6 PS-exposed animals. Expression analysis was restricted to the nuclear component for all proteins (n ¼ 6-12) in FC and HIPP of PND60 mice. DNMT1 (a maintenance DNA methyltransferase) and DNMT3a (a de novo methyltransferase) were affected in both sexes and regions, albeit differentially. Interestingly, MECP2 showed additive alterations in the Pb þ PS group with Pb and PS significantly increasing expression in male FC and decreasing expression in female HIPP. Additionally, there were effects of PS in male HIPP on DNMT3b, MBD1, and MECP2. Significant (p .05) main effects were stated on graphs and noted by asterisks and lines. Significant post hoc comparisons were noted by the interaction stated on graphs with an asterisk over the bar different from control.
PS appeared to derive from PS-induced changes. If fact, exposures of males to Pb þ PS produced unique nuclear GR concentrations compared with Pb or PS alone. This difference may be due to alteration in hormonal activation in response to Pb þ PS, as this group had uniquely low baseline corticosterone concentrations and elevated levels in response to stress. In contrast, females showed few PS effects, with only a marginally significant increase in HIPP GR activation. Pb effects in females included a marginal increase in serum corticosterone at PND0 and a Pb-induced increase in activated FC GR in adulthood, but no changes in adult basal or stress-induced corticosterone. . Group mean 6 SE Total percent methylation summed across 10 CPG sites at the GR gene, Nr3c1 for FC and HIPP of PND60 mice. A, Analysis of relative methylation levels for the 10 CpG dinucleotides proximal and upstream of the NGFI-A Binding site (underlined sequence) of the Nr3c1 Exon17 promoter was carried out using target specific primers. Sequence analysis shows this is a highly conserved region of the promoter. All CpG dinucleotides are underlined. The region of interest with 10 CpG sites studied is marked with a box. B, In a summary of all CpG sites, Pb exposure was associated with hypomethylation of the Nr3c1 gene in female HIPP and male FC (n ¼ 8-14). Significant (p .05) main effects were stated on graphs and noted by asterisks and lines. Significant post hoc comparisons were noted by the interaction stated on graphs with an asterisk over the bar different from control. Figure 5 . Group mean 6 SE Percent methylation along 10 CPG island within GR gene, Nr3c1. Pb and PS interact altering methylation patterns in CpG sites 8 and 9, or 10, respectively. Pb alone decreased methylation on CpG 10 in female HIPP and male FC (n ¼ 8-14). In Figure 2 , all 10 CpG dinucleotides are indicated by a purple arrow underlined. Significant (p .05) main effects were stated on graphs.
In contrast to glucocorticoid functions, expression levels of DNA methyltransferases, binding proteins, and methylation patterns were broadly influenced by Pb 6 PS in both FC and HIPP in both sexes, although again the pattern of effects differed in males and females. In males, effects on DNA methyltransferases were primarily influenced by Pb exposure in FC, while extensive changes in HIPP were produced by PS. Specifically, Pb reduced total methylation of Nr3c1 in FC, while increasing expression of DNMT1, DNMT3a and MECP2. In HIPP, however, PS was associated with increases in DNMT1, DNMT3a, DNMT3b, and MECP2 and reductions in MBD1. In females, it was Pb rather than PS that appeared to primarily alter DNA methyltransferases, DNMT1 and DNMT3a, in both FC and HIPP. Collectively, these differential findings provide insights into sex-based mechanisms of the differential responses to Pb 6 PS seen in our prior studies.
These findings here are consistent with prior reports of epigenetic influences of Pb on these DNA methyltransferases and binding proteins, albeit the directionality of these effects seem to be dependent on exposure level, period of exposure, sex, and brain region. Male mice (females were not examined) exposed via drinking water to 0.2% Pb from PND1 through PND20 with blood Pb values approximating 46 mg/dl (Eid et al., 2016) exhibited a lifelong reduction in HIPP DNMT1 protein expression levels out to 700 days of age; changes in MECP2 were not evident at PND20, but reductions were observed by PND180 that lasted until PND540, while no changes in DNMT3a were seen. Another developmental study, however (Schneider et al., 2013) , found 
HIPP DNMT3a levels to be reduced in female rats exposed to Pb during the early postnatal period with blood Pb concentrations of 12-16 mg/dl at weaning, but not at the highest Pb exposure concentration (blood Pb of approximately 30 mg/dl at weaning). In addition, MECP2 levels were reduced in HIPP of females exposed from prebreeding to weaning with blood Pb levels of approximately 17 mg/dl at weaning, whereas postnatal only Pb exposures produced reductions at the highest Pb exposure concentration; males showed no changes in MECP2 levels. This same study also demonstrated changes in DNMT1 with reductions in expression in males exposed postnatally only at the 2 lower exposure concentrations, but significant increases at the highest Pb exposure concentration; female effects were restricted to Pb exposures during gestation, with significant, but not concentration-related decreases at all 3 Pb exposure concentrations.
Prior reports support changes in DNA methyltransferase and binding protein following PS also, again with region-and sexspecific changes. One remarkable shared target of Pb and PS identified in this study was MECP2 which showed changes in opposing directions by sex in FC, and additive effects of Pb and PS in female HIPP and male FC. Early life maternal separation stress in male rats altered MECP2 expression in nucleus accumbens; (Lewis et al., 2013 (Lewis et al., , 2016 , a region within the MESO reward systems of the brain, and increased MECP2 levels at the promotor IV region of the BDNF gene (Seo et al., 2016) , also a key player in cognition (Kowianski et al., 2017) . Rats exposed to PS exhibited a down regulation of the MECP2 gene in HIPP (Cassim et al., 2015) , although similar effects were not seen in FC or HIPP in PSexposed mice (Dong et al., 2015) . Consequences of PS alone for methyltransferases and DNA-binding proteins were most prominent in male HIPP in this study and support prior reports that PS can induce sex-specific reprogramming of epigenetic profiles (Mueller and Bale, 2008) . MBD1 knockout mice have impaired hippocampal long-term potentiation and neurogenesis with behavioral deficits (Zhao et al., 2003) . Although prior studies have reported an impact of acute and chronic stress on DNMT3a in rats (Mifsud et al., 2017) , our findings extend this impact to 1 of PS in mice. As observed in our data, previous studies have shown the absence of changes in PS-exposed female rats (Gemmel et al., 2016) .
With respect to potential cognitive outcomes associated with DNA methyltransferases and binding proteins, all are potentially important in learning and attention behaviors known to be impacted by Pb (Canfield et al., 2004; Nigg et al., 2008) . Dnmt1 is a maintenance methyltransferase critical for hippocampal and cortical neuron development and plasticity, which in combination with Dnmt3a, plays a critical role in learning and memory formation (Feng et al., 2010) . A dissociative involvement of Dnmt1 and Dnmt3a in perirhinal cortex and HIPP, respectively, characterized object recognition in place learning (Mitchnick et al., 2015) . Dnmt3a has been shown to be important to behavioral plasticity, memory and in brain disorders (Bayraktar and Kreutz, 2017) . MECP2, a multifunctional protein present in high concentrations in brain, particularly in nucleus of neurons, has been correlated with inattention (Grissom et al., 2015) . Rodent models of Mecp2 deficiency produce deficits in learning and memory functions (Gogliotti et al., 2017; Schaevitz et al., 2010 Schaevitz et al., , 2013 Stearns et al., 2007; Venkateswaran et al., 2014) , and postnatal forebrain Mecp2 deletion produces repetitive behavior (Mahgoub et al., 2016) , with sex-specific behavioral consequences (Wither et al., 2013) . Male Mecp2 knockout mice show altered excitatory/inhibitory balance in hippocampal region Ca3 (Calfa et al., 2015; Li et al., 2012) . Brain regional sex differences in Mecp2 and the additive influence of Pb and PS in female HIPP and male FC seen in this study, may underlie sex differences in cognitive effects of Pb and of PS.
As we have seen in prior studies, the impacts of Pb þ PS do not always reflect linear additive or enhanced effects of each insult alone, but instead appear to have a unique directionality or do not differ from controls. For example, changes in HIPP nuclear GR protein expression of males was increased by Pb and by PS in males, whereas Pb þ PS expression was equivalent to controls. As mentioned, this may reflect differences in serum glucocorticoid levels, but another possibility is that additive effects of Pb and PS are not linear. In fact, both Pb and glucocorticoid exposure have shown nonmonotonic dose response curves (Lasley and Gilbert, 2002; Moriarty et al., 2014; Park et al., 2006; Rossi-George et al., 2009; Vandenberg et al., 2012) , and for glucocorticoids, these also relate to cognitive effects (Jo€ els et al., 2006) . Future research will be needed to assess this possibility.
This study has limitiations. Due to constraints in tissue size and differential processing methods for multiple endpoints, different mice were used for RNA, westerns, and methylation studies, precluding direct correlations between endpoints within the same cells. Additionally, methylation profiles vary based on brain cell type, while global measures were used here (Iwamoto et al., 2011; Kessler et al., 2016) . Future research is needed to determine cell-type specific methylation changes following developmental Pb and PS exposure to eliminate potential confounding influence of altered cellular composition alone shifting epigenetic patterns. One potential limitation of the PS protocol used here is its prolonged duration. Late gestation is a critical period of glucocorticoid sensitivity and essential for appropriate development, notably lung maturation in preparation for respiration (Cottrell and Seckl, 2009; Edwards et al., 1993; Mark et al., 2009; Seckl and Meaney, 2004) . Restraint stress during the final week of gestation, PND11-PND18, as in our protocol, targets this window of glucocorticoid sensitivity, aiming to disrupt this critical hormone balance and development (Maccari and Morley-Fletcher, 2007) . The full week of exposure with predictable timing, regular intervals/3 times a day, however, may actually facilitate adaptation, as mice habituate to repeated, predictable stressors, including restraint (Melia et al., 1994) .
In summary, these findings are consistent with the possibility that epigenetic mechanisms may underlie the developmental consequences of Pb and of PS and that the profile of such changes differ by sex. Further, based on the importance of these epigenetic modifiers to executive-type functions, these different patterns could also contribute to the sex differences in Pb and PS neurotoxicity. 
